INTRODUCTION
Over the last decade, DNA microarrays have become useful tools in genomic studies and drug discovery (1) (2) (3) . Unlike other hybridization formats, microarrays allow significant miniaturization, as thousands of different DNA fragments or oligonucleotide probes can be spotted onto a solid support, generally a glass slide. Therefore, this technology is ideal for extensive gene profiling studies and multiplexed detection of nucleic acids for diagnostic purposes. While microarrays have been widely used in gene expression profiling, there is great potential for the detection and identification of single-nucleotide polymorphisms (SNPs) and for the diagnosis of disease. Examples of useful applications include cancer prognostics (4) (5) (6) , forensic science (7), detection of microbes and their associated resistance genotypes (8, 9) , and detection of bioweapon pathogens (10) .
While DNA probes longer than 70 nucleotides give reproducible hybridization signals (11, 12) , only short oligonucleotides (15-20 bases long) allow efficient discrimination of SNPs (13, 14) . However, the hybridization efficiency of short probes is still unpredictable, and false-negative results are often observed when short surfacebound DNA probes are used on microarrays. Many parameters are suspected to influence the hybridization efficiency of target DNA to immobilized oligonucleotide DNA probes. These parameters include steric hindrance, secondary structure of the target DNA, and binding capacity of the surfacebound probe. Steric hindrance may vary with probe density, spacer length, as well as hydrophobicity and charge of the solid support (15) . Secondary structure of the target DNA was shown to influence the intensity of hybridization and could be relieved by using helper oligonucleotides hybridizing beside the probe (12, 16) . The influence of target secondary structure could be partially circumvented by selecting probes for their theoretical thermodynamic behavior (17) . In addition, the use of single-stranded targets instead of denatured, double-stranded PCR products has been found to increase the sensitivity of the hybridization reaction on short probes meaning that the complementary strand may interfere with the hybridization of targets onto the capture probes (16, 18, 19) . Moreover, the design of short oligonucleotide probes that are both sensitive and specific enough to discriminate SNPs is not easily predictable by capture probe melting temperature (T m ) (12, 20) . Thus, oligonucleotide design is done either empirically (21, 22) or by software using heuristic algorithms (23) .
Different research groups have noticed that hybridization efficiency is dependent on the position at which the probe binds on the target nucleic acid, although no explanations were provided for these observations (15, 16) . In one study, it was noted that hybridization was not optimal when using probes positioned close to one end of the PCR product, but it was concluded that this was mainly due to secondary structure issues (24) . In another study (25) , a strong binding preference for 59-bp probes sharing sequence identity with a 3′ region (targeting a 5′ end) of nondenaturated large products has been observed. It was demonstrated that multi-stranded DNA structures, including the target double-stranded labeled DNA, are preferentially formed RESEARCH REPORT via single strand association with the homologous 5′ strand near the end of arrayed DNA probes.
In this work, we have attempted to understand the hybridization behavior of short oligonucleotides anchored by their 5′ end (26) onto a solid support, using as a model system the detection of several genes. We show that the efficiency of hybridization of 20-mer capture probes to PCR products is highly dependent on their positions on the product. We provide evidence that kinetic effects and reassociation to the PCR product's complementary strand can lead to destabilization of the capture probe/DNA target duplex and that this kinetic effect is governed by the position of the complementary sequence on targeted nucleic acids.
MATERIALS AND METHODS

Microarray Production
Twenty-mer oligonucleotide probes bearing a 5′ amino linker were synthesized by Biosearch Technologies (Novato, CA, USA). Probe sequences are listed in Table 1 .
The amino linker modification allowed covalent attachment of probes onto aldehyde-coated glass slides Imine bonds between the glass surface and probes were reduced to a stable amide link by immersion into a sodium borohydride solution (1 g sodium borohydride; Sigma, St. Louis, MO, USA), 300 mL phosphate-buffered saline (PBS; also from Sigma), and 100 mL ethanol for 20 min. Slides were then washed in 0.2% SDS for 1 min and rinsed in ultrapure water for 1 min. Slides were finally dried by centrifugation for 5 min under vacuum with a Savant SpeedVac™ Plus (Thermo Savant, Holbrook, NY, USA) and stored in a dry oxygen-free and dark environment. All above chemical treatments of the slides were performed at room temperature.
PCR Amplification and Product Labeling
Fluorescent dyes were incorporated during PCR amplification. Cy™3 or Figure 1 ). The ermB gene was amplified from genomic DNA isolated from the erythromycinresistant S. aureus strain CCRI-1277. The 402-bp product was produced using primers ErmB225 and ErmB601 (Table 1) , while the 432-bp product was amplified by PCR using primers ErmB109 and ErmB512 (Table 1 ). The tuf gene was amplified from genomic DNA isolated from the Staphylococcus hominis subsp. hominis strain ATCC 27844. A 523-bp product was produced using primers TshoH240 and TstaG765 (Table 1 ). The bla SHV gene was amplified from DNA isolated from Escherichia coli strain CCRI-1192.
Different products were generated by combining the reverse primer shv763 with five different primers used to produce different 5′ overhanging tails: (i) primer shv604 amplified a 182-bp product; (ii) primer shv449 amplified a 337-bp product; (iii) primer shv368 amplified a 418-bp product; (iv) primer shv313 amplified a 473-bp product; and (v) primer shvseq71 amplified a 715-bp product (Table 1) . Thermal cycling for PCR amplification (180 s at 94°C, followed by 40 cycles of 5 s at 95°C, 30 s at 55°C, and 30 s at 72°C) was carried out on an MJ Research PTC-200 DNA Engine ® thermal cycler (Bio-Rad Laboratories). PCR products were purified using the QIAquick ® PCR purification kit (Qiagen, Mississauga, ON, Canada). The dye incorporation was measured with an Ultrospec 2000 Spectrophotometer (Amersham Biosciences) at 550 nm for Cy3 and at 650 nm for Cy5. Concentration of the amplified product was determined at 260 nm using the Ultrospec 2000.
Asymmetric PCR was performed using the PCR conditions described above, except that the upper strand was obtained using 20:1 ratio of ErmB109 and ErmB512 primers, respectively. An asymmetrical PCR was performed to produce the lower strand using 20:1 ratio of ErmB512 and ErmB109, respectively ( Figure  1 ). Each asymmetric PCR was verified on a 1.5% agarose gel to ensure the production of single-stranded DNA and quantified using the Ultrospec 2000 at 260 nm. The concentration of single-stranded DNA was adjusted to 1 pM and hybridized to the microarray to confirm the absence of the complementary strand.
DNA Microarray Hybridization and Data Acquisition
Prehybridization and hybridization were performed in 15 × 13 mm HybriWell™ self-sticking hybridization chambers (GraceBioLabs, Bend, OR, USA 
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were mixed with 10 μL of 2× hybridization buffer (12× SSPE, 2% BSA, 0.02% PVP, and 0.02% SDS) and 5 μL formamide (final concentration of 25%). Prehybridization solution was removed from the chamber and replaced by the labeled products resuspended in hybridization solution. The hybridization was carried out at 22°C for 15 min and up to 16 h. After hybridization, microarrays were washed with 2× SSPE containing 0.1% SDS for 5 min at room temperature and rinsed once with 2× SSPE for 5 min. Microarrays were dried by centrifugation at 1350× g for 3 min. Slides were scanned using a ScanArray ® 4000XL confocal scanner (Packard Bioscience Biochip Technologies, Billerica, MA, USA), and fluorescent signals were analyzed using its software.
RESULTS
In this work, we tested whether the region of the product targeted by an oligonucleotide capture probe influenced hybridization efficiency. To achieve this goal, we initially used the ermB bacterial antibiotic resistance gene as genetic target. This gene encodes an adenine N-6-methyltransferase, which confers resistance to macrolides, lincosamides, and streptogramin B (27) . We generated two overlapping ermB products, each targeted by six 20-mer capture probes located at different areas of the products (Figure 1 ). Three of these probes (A-S-ErmBH272, A-S-ErmBH370, and A-S-ErmBH459) were designed to be complementary to the lower strand of both products, while the three other probes (A-SErmBH272a, A-S-ErmBH370a, and A-S-ErmBH459a) targeted the same region but hybridized to the upper strand of both products. For these perfectly complementary oligonucleotides, both strands have the same T m and secondary structure and have been shown to behave identically for hybridization in solution (28) . Therefore, variations in the performance of hybridization between capture probes targeting the same region located on the opposite strand of a product could be attributed to a bias correlated with hybridization onto solid support.
The Cy3-labeled 402-and 432-bp products were hybridized overnight to the ermB array that contained the six different capture probes ( Figure  1) . After washing and analysis, it was observed that the fluorescence signal for each capture probe after overnight hybridization was not identical. Plotting the fluorescence intensities of hybridization against the regions of the product recognized by capture probes revealed a correlation between the fluorescence intensity and the length of the free 5′ overhanging portion of the captured strand ( Figure   2 ). For each of the six capture probes, the strongest hybridization signal was always observed for the probe targeting a region closest to the 5′ end of the upper or lower targeted strand. These probes hybridized the closest to the 5′ end of the complementary strand of the product, thus leaving the shortest overhanging 5′ end. Both target products (402-and 432-bp) behaved similarly with respect to fluorescence intensity and position of the capture probe. Also, no difference was observed between the upper and lower strands. This is illustrated in Figure 2B by hybridization with oligonucleotides ErmB370 of product B, 151 bp from the 5′ end, and ErmB370a of product A, 145 bp from the 5′ end, showing that when the 5′ overhang lengths were similar, the fluorescence intensities were also similar regardless of the product size or the target strand.
To demonstrate that these rules are applicable to other DNA targets, we have tested the hybridization efficiency of different capture probes (according to the region to which they hybridize) on the highly conserved tuf gene, which encodes for elongation factor Tu (29) , and on the bla SHV resistance gene, which encodes a β-lactamase (30) . Results were similar to those obtained with ermB. Capture probes gave stronger hybridization signal when the 5′ overhanging tail was short and showed near background signals when the 5′ tail reached a length over 600 nucleotides for bla SHV and 250 nucleotides for tuf (Figure 3) . Thus, different capture probes seem to follow similar hybridization rules, irrespective of the target sequences.
Results obtained with the bla SHV gene are particularly interesting. Products were produced using the same reverse primer but using different forward primers. This allowed the amplification of products having a variable forward length, while its reverse length remained constant. After hybridization of each product to the microarray, we plotted the signal in function of the length of the 5′ tail for the probes targeting the upper strand and in function of the length of the 3′ tail for the probes targeting the lower strand. The increase of the length of the 5′ tail reduced the signal (correlation coefficient between -0.66 and -0.85), whereas the increase of the 3′ tail had no major effect on the hybridization signal (correlation coefficient between 0.12 and 0.20). Those results suggest that, while the length of the 5′ tail has a significant impact on the hybridization signal observed, the length of the 3′ tail seems not important (data not shown).
Despite the fact that for the same oligonucleotide capture probe the key determinant for hybridization intensity appears to be the length of the 5′ overhang of the hybridized target DNA strand, some probes worked better than others. For example, in our system, probe A-S-ErmBH272a (5′ overhang length of 47 bp) produced a hybridization signal six times stronger than probe A-S-ErmBH459 (5′ overhang length of 62 bp). One explanation could be that the area covered by probe A-S-ErmBH459 may be less available for hybridization or less stable once hybridized than the area covered by probes A-S-ErmBH272-272a ( Figure  2 ). This behavior could be attributed either to the secondary structure of the target strand or to thermodynamic properties of the probes. It is salient to point out that the ΔG of the secondary structure from probe A-S-ErmBH459 is -14.2 kcal/mol, which represents a much higher energy than that for the other probes used in this study (-5.3 kcal/mol for probe A-S-ErmBH272 and -3.5 kcal/mol for probe A-SErmBH370). Nonetheless, even if probe A-S-ErmBH459 gave a lower hybridization signal, its intensity correlated with the length of the 5′ tail (Figure 2 C) .
Thus, capture probes (P) targeting the 5′ end of the captured target strand (T*) gave strong and repro- 
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ducible hybridization signals, while probes targeting the 3′ extremity of the captured target strand gave no or very weak hybridization signals after overnight hybridization. One plausible explanation is that T* hybridized by its 3′ end is less stable than the same strand hybridized closer to its 5′ end.
To verify this hypothesis, hybridization kinetics were assessed by hybridizing the 432-bp labeled products with the ermB array for 15, 30, 60, and 180 min and 16 h. Probes targeting regions close to the 5′ end of either strand of the product showed a fluorescent signal increasing with hybridization time ( Figure 4A ). Probes targeting regions leaving a longer 5′ overhang of either strand of the products exhibited very different hybridization kinetics ( Figure  4B ). Indeed, we observed an increase of the hybridization signal in the first 30 min of hybridization, but thereafter fluorescence intensity decreased over time until it reached background levels.
To test the ability of the nonhybridized complementary strand (T′) to destabilize the T*P duplex, we carried out experiments with singlestranded products. Microarrays were hybridized for 10 h with the amplified 432-bp ermB product lower strand (T*) generated by asymmetrical PCR. After washing out the nonhybridized T* still in solution (T* free ), the hybridization was carried out for an additional 16 h, either with hybridization buffer alone or with an equimolar amount of the complementary upper strand T′. In the presence of only single-stranded target DNAs (T*), the region at which the oligonucleotide probe hybridizes no longer influences the hybridization intensity. For example, probe A-SErmBH272, with a 5′ overhang of 249 nucleotides, hardly captures any of the target DNA when the double-stranded product is used as target (Figure 2A) . However, this same probe efficiently captured the complementary singlestranded DNA produced by asymmetrical PCR ( Figure 5A ). Similar results were observed for hybridization with the upper product strand. The intensity of fluorescence decreased dramatically when the complementary T′ bottom strand was included in the assay ( Figure 5B ). The addition of the complementary strand T′ reduced the intensity of hybridization close to background levels, suggesting that T*P duplex destabilization occurs in the presence of the complementary strand.
DISCUSSION
This work was initiated to study new parameters that could govern the hybridization efficiency of oligonucleotide capture probes arrayed onto a solid support. As described above, we observed that the position a capture probe targets on a given product has an impact on the observed hybridization signal. The sequence of the probe does not seem to modify this impact, and this phenomenon was observed on three different probe-product sets.
Interestingly, the hybridization behavior of a doublestranded product DNA on short oligonucleotides immobilized by their 5′ end gave counterintuitive results. Indeed, one would assume weaker hybridization signal when a 5′ end immobilized probe binds the target molecule close to its 5′ end, because of steric hindrance caused by a longer 3′ overhanging tail. However, our results show that the increase of the 3′ end has no major effect on hybridization signal, whereas the hybridization signal strength is inversely correlated with the length of the 5′ overhanging tail of the target molecule when hybridized with a probe immobilized via its 5′ end.
This hybridization behavior could be explained by the topology of the T*P duplex. When a probe recognizes an area closer to the 3′ end of the captured target strand T*, most of the overhanging 5′ end of nonhybridized DNA is exposed to the liquid phase above the glass surface ( Figure  6 ). On the other hand, when it hybridizes to an area close to the 5′ end of the captured strand target, most of T* (3′ end) is directed towards the glass surface. In the first conformation, the protruding tail of T* could be available for reassociation with its complementary strand (T′), a process that could destabilize the probe-target duplex (T*P) as shown when asymmetrical products were used. This hybridization behavior may also be observed with 3′ immobilized probes. However, experiments using 3′ Figure 5 . Hybridization to a microarray of asymmetrical PCR-generated single-stranded target product strand (T*) followed by hybridization with the complementary product strand (T′). T* was hybridized for 10 h to the ermB array. Nonhybridized T* (T* free ) was then washed away, and the array was hybridized another 16 h with an equimolar quantity of the complementary strand T′ (grey boxes) or with hybridization buffer alone (black boxes). Slides were washed prior to fluorescence detection. A significant decrease in signal was observed when the complementary strand T′ was hybridized for 16 h compared to the control hybridization using buffer only. (A) Hybridization to the lower strand of the 432-bp product followed by hybridization with the upper strand of the product. (B) Hybridization to the upper strand of the 432-bp product followed by hybridization to the lower strand of the same product. For both panels, each result is the mean of three replicates. immobilized capture probes have not been performed because such probes are rarely used. Displacement of T* from P by reassociation with T′ could proceed through a sequential displacement pathway also known as a zipper effect (31) . Hybridization between the captured T* strand and its complementary strand T′ in solution would occur first at the exposed overhang tail of captured T* and would be followed by a branch migration mechanism. Such a mechanism was used recently to build a DNA-fueled nanomolecular machine (32, 33) . In those studies, the authors used the complementary DNA strand (called fuel DNA) to close and open double-stranded DNA structures. We propose that the complementary strand T′ acts as the fuel DNA, thereby pulling the captured target strand T* from the probe (Figure 6 ).
By using asymmetrical PCR, we have shown that the captured product strand is displaced by the target complementary strand T′ independently of the area the probe targets on the product ( Figure 5 ). This suggests that some elements stabilize T*P when the hybridizations were performed in the presence of both T* and T′. One possible model would be that T* free forms a quaternary complex (T*T′T* free P) with the ternary complex (T′T*P) captured on the glass surface. In accordance with the random walk theory for branch migration (34) , the branch point between T*T′ and T′T* free duplexes of the T*T′T* free P complex can move in either direction. The random walk would continue until one of two helices becomes shorter than the minimum length of a stable duplex (31) . This means that the longer the duplex part of the helix is, the more likely it is to displace the other competing duplex (e.g., if T*T′ forms a longer helix, it would destabilize the complex T′T free and vice-versa).
Clearly, other parameters such as the secondary structure of probes and products may play a role in hybridization efficiency. For example, the efficiency of hybridization to capture probe A-S-ErmBH459 is not entirely explained by the model illustrated in Figure 6 , since this probe, which targets a region close to the 5′ end of the product, gives a low hybridization signal.
In conclusion, we have clearly demonstrated a correlation between the region of the product targeted by a capture probe and the efficiency of hybridization using three different target genes as models. We have provided evidence that the presence of the complementary strand is associated with the poor hybridization efficiency of 5′ immobilized probes targeting the 3′ end of a product, thereby leaving a long 5′ overhang. On the other hand, probes targeting the 5′ end of the same product hybridized more efficiently. These results should contribute to the establishment of novel guidelines for the efficient design of capture probes, which should help to improve the sensitivity and specificity of microarray detection. This study demonstrates the importance of choosing the appropriate nucleic acid region to ensure efficient and sensitive detection of doublestranded DNA fragments such as PCR products using short capture probes. This is particularly important for SNP detection. In addition, efforts are ongoing to develop novel amplification and labeling systems for efficient production of single-stranded DNA products that would circumvent the competition between complementary strands. 
